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Abstract: The muon telescopes of the Extreme Energy Events (EEE) Project [1] are made of three
Multigap Resistive Plate Chambers (MRPC). The EEE array is composed, so far, of 59 telescopes
and is organized in clusters and single telescope stations distributed all over the Italian territory.
They are installed in High Schools with the aim to join research and teaching activities, by involving
researchers, teachers and students in the construction, maintenance, data taking and data analysis.
The unconventional working sites, mainly school buildings with non-controlled environmental
parameters and heterogeneous maintenance conditions, are a unique test field for checking the
robustness, the low-ageing features and the long-lasting performance of the MRPC technology for
particle tracking and timing purposes. The measurements performed with the EEE array require
excellent performance in terms of time and spatial resolution, efficiency, tracking capability and
stability. The data from two recent coordinated data taking periods, named Run 2 and Run 3, have
been used to measure these quantities and the results are described, together with a comparison
with expectations and with the results from a beam test performed in 2006 at CERN.
Keywords: Particle tracking detectors - Performance of High Energy Physics Detectors - Resistive-
plate chambers - Timing detectors
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1 Introduction
A synchronous sparse array of 59 tracking detectors, each composed of 3 Multigap Resistive Plate
Chambers (MRPC), has been built to study Cosmic Rays (CR) and CR-related phenomena in the
Extreme Energy Events (EEE) Project. EEE is a project by Centro Fermi (Museo Storico della
Fisica e Centro Studi e Ricerche "Enrico Fermi") [2], in collaboration with INFN (Italian National
Institute for Nuclear Physics), CERN and MIUR (the Italian Ministry of Education, University and
Research). The network covers more than 10 degrees in latitude and 11 degrees in longitude and it
is being upgraded regularly: 6 new stations are being installed within the end of 2018, leading to a
10% increase in the number of operating telescopes.
Time-correlated events at various distances can be measured by the network with the aim of de-
tecting individual Extensive Air Showers (EAS) [3] or performing more challenging measurements
as coincidences between two different correlated EAS [4]. The EEE network can also address the
local properties of the CR flux and its space weather-correlated features [5, 6], CR flux anisotropies
in the sub-TeV energy region [7] and phenomena related with the upward-going particle flux [8].
The peculiarity of EEE is the involvement of young students of the Italian High Schools and
the consequent outreach and educational impact: 6 telescopes are hosted in INFN and CERN
laboratories, while the others are installed in the schools, where students and teachers actively
participate to construction, data taking activities, taking care of the operation and maintenance
of their telescope. Researchers coordinate and supervise activities, providing support during the
construction, installation and use of the detectors. Students and teachers are introduced through
seminars, lectures and master-classes to the scientific research community, with the opportunity
of understanding how a real experiment works, from the infrastructure development to the data
acquisition, analysis and publications of scientific results. This aspect makes the project turn into a
challenge. The unconventional working sites, mainly school buildings with non-controlled environ-
mental parameters and the heterogeneous maintenance conditions, are a unique test field for MRPC
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technology used for particle tracking and timing purposes. More specifically, the robustness, the
low-ageing features and the long-lasting performance of this detector are monitored. The study of
the detector performance has been carried out by selecting a data sample from Run 2 and Run 3
(closed in June 2017).
For the sake of completeness, the whole data set collected since fall 2014 reached 70 billions
of muon tracks and in 2017 the network has grown up by a factor almost 8 in terms of number of
telescopes wrt. 2007. EEE started its observational activity in 2004 with a set of pilot sites in 7
Italian cities and is the largest and long-living MRPC-based telescopes array, with 59 sites and 14
years of data taking.
A detailed description of the detector and the full results of the analysis on the performance
can be found in [10], while a summary of the performance will be reported in this paper.
2 MRPC geometry and signal processing
The students involvement leads to the need of combining good detector performance, low con-
struction costs and easy assembly procedures. As a matter of fact, the materials used to build the
MRPCs, such as vetronite, honeycomb panel, mylar sheets, glass sheets, fishing line, copper tape
and resistive paint are safe, easy to find and to assemble. High voltage to the chambers, typically in
the range 18-20 kV, is provided by a set of DC/DC converters, with output voltage roughly a factor
2000 wrt. the driving low voltage (LV); this solution avoids having usual and possibly dangerous
high voltage system provided by HV Power Supply and cables. The detector structure (Fig. 1 left)
consists of 6 gas gaps obtained by stacking glass sheets with voltage applied only to the external
surfaces, leaving the inner ones floating.
Figure 1. Left: MRPC inner structure; right: Top view of a MRPC chamber, showing the 24 copper strips, the 2 FEA
at the edges of the chamber and the connectors where 2 DC/DC converters providing the HV (top left in blue and bottom
right in red) are plugged in. The two figures are not to scale.
The cathode and the anode consist of two glasses (160 cm × 85 cm, 1.9 mm thick) treated with
resistive paint (5-20 MΩ/) connected to high voltage, the space between them being divided into
the six narrow gaps (300 µm) by 5 intermediate glass sheets (158 cm × 82 cm, 1.1 mm thick); inner-
glass spacing is assured through a weave made with fishing line. Two rigid composite honeycomb
panels are used to assure mechanical stability to the whole structure and host, on the two sides, a
vetronite panel on whose external surface 24 copper strips (180 cm × 2.5 cm with a pitch of by 3.2
cm) are laid out to collect the signals induced by particles. A gas-tight aluminum box, enclosing
the whole structure, is filled with a gas mixture consisting of a 98/2 mixture of R134a (C2F4H2) and
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SF6, at a continuous flow of 2 l/h and atmospheric pressure. Promising studies on new gas mixtures
are ongoing in order to fulfill with the recent restrictions on greenhouse gases and are reported in
the contribution "New Eco-gas mixtures for the Extreme Energy Events MRPCs: results and plans"
from S. Pisano.
A schematic top view of a chamber is shown in Fig. 1 right, where in particular the front-
end (FEA) boards for the read-out of the strip signals are visible on the short sides. FEA cards
incorporate the ultrafast and low power NINO ASIC amplifier/discriminator specifically designed
for MRPC operation [11].
The 24 copper strips that collect the signal provide two-dimensional information when a cosmic
muon crosses the chamber: the y coordinate (short side) is determined by the strip on which the
signal is induced, while the x coordinate (long side) is determined by measuring the difference
between the arrival time of the signal at the two ends of the strip. The trigger logic consists in a
six-fold coincidence of the OR signals from the FEA cards, whose signals are combined in a VME
custom made trigger module. The arrival times of the signals are measured using two commercial
TDCs (CAEN V1190 - 64 and 128 ch - 100 ps bin). A GPS unit, providing the event time stamp
with precision of the order of 40 ns, guarantees the synchronization between telescopes. Data
acquisition, monitoring and control are managed by a LabVIEW based program.
A linear fit of the clusters found in the three chambers is performed to reconstruct the tracks
and the corresponding χ2 is computed. All possible cluster combinations are used and ordered by
their χ2. The track candidates are defined by iteratively selecting the lowest χ2 and removing the
corresponding clusters, continuing up to the point when the whole set of available clusters has been
assigned to a track. At the end a set of tracks with no hits in common is defined. The event selection
for the measurements presented in this paper requires the rejection of events with more than one
track and a track quality given by the cut χ2 < 5.
3 Time and spatial resolution
Data collected during the Run 2 and Run 3 were used to measure time and spatial resolution. A
comparison of the hit information s on the central chamber with the ones on the external chambers is
performed, so that the width of the obtained distribution∆s is used to estimate the (time/longitudinal
spatial/transverse spatial) resolution (σt /σx/σy) of the telescope. Time (spatial) residuals used for
the measurement of the time (spatial) resolution are defined as ∆s = (stop + sbot )/2 − smid, where
stop, smid, sbot are the time (spatial) values for single or clustered hits and s represents t, x, or y
depending on the considered case. More details can be found in [10].
A sample of about 8 billion tracks over 31 billions collected during the Run 2 and Run 3 was used to
measure σt . To be noted that the time resolution measurement is performed applying Time Slewing
correction. A distribution obtained with the values of time resolution from 33 telescopes of the
network is shown in Fig. 2. A gaussian fit gives an average time resolution σt = (238 ± 40) ps, that
is a value within expectations and totally compatible with EEE specifications. The smaller value
(≈100 ps) measured at the beam tests performed in 2006 at CERN [12] is explained by the fact
that in that case conditions are well controlled, with a focused, monochromatic and collinear beam
monitored with a set of MultiWire Proportional Chambers (MWPC) and scintillators.
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Figure 2. Time resolution measured with data taken in Run 3, for 33 telescopes; the average time resolution σt = 238
ps is obtained wuth a gaussian fit.
The working points optimization for the next data taking is expected to improve time resolution.
A sample of 2.7 (3.5) billions candidate tracks collected in 30 days from 41 (46) telescopes in Run
2 (Run 3) has been used to measure σx and σy .
Figure 3. Longitudinal (left) and transverse (right) spatial resolution measured with data taken in Run 2 and Run 3 with
46 telescopes of the EEE network.
The results from a gaussian fit give an average longitudinal resolutionσxRun2 = (1.48±0.04) cm
and σxRun3 = (1.49 ± 0.03) cm and an average transverse resolution of σyRun2,Run3 = (0.92 ± 0.01)
cm, in very good agreement with the expectations. The comparison between the σx (left), or σy
(right) distributions from Run 2 and Run 3 are shown in Fig. 3, where the stability of the network
across the two runs is clearly shown.
4 Efficiency
Efficiency curves as a function of the applied voltage have been measured both at CERN, im-
mediately after chamber construction, and after telescopes installation at schools; in most cases
these curves have been obtained using scintillator detectors, employed as external trigger, and with
additional electronics.
The MRPC efficiency is measured also during the runs by using a slightly modified version of
the reconstruction code, with no need of any additional detector. In particular the trigger logic is
changed from the standard 3-chambers operations to a 2-fold coincidence, excluding the chamber
under test from the trigger. The two chambers in the trigger are also used for tracking and event
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selection (see [10] for details). Once a track is defined, the procedure requires to check if a hit is
present on the chamber under test within a distance of 7 cm wrt. the expected position. A HV1
scan of the chamber is performed, collecting about 150000 events per step. This method allows to
periodically check the detectors performance and provides efficiency values, useful for all analysis.
It was applied to the middle chamber, but can be used to measure the efficiency of all the MRPC of
a telescope by simply changing the trigger pattern. A distribution of efficiency values at the plateau
from 31 telescopes (middle chamber) obtained from a three parameters sigmoid function fit to each
telescope efficiency curve is shown in Fig. 4 (left). The average efficiency of the telescope network
is around 93%, compatible with EEE specs and with results of the beam test in [12]. An efficiency
better than 90% is reached by 77% of the network, corresponding to 24 telescopes out of 31. The
cause of inefficiency for some telescopes can be related to MRPC ageing or/and dead strips. As an
example the efficiency strip by strip for two telescopes of the network is shown in Fig. 4 (right).
Figure 4. Left: distribution of the efficiency obtained at the plateau (corrected for standard p and T) of the middle
MRPC for 31 EEE telescopes. An efficiency better than 90% is reached by 77% of the network. Right: efficiency vs.
strip for 2 EEE telescopes (located in Emilia Romagna region and Sardinia).
5 Long term stability
Data collected by each station are sent to the CNAF center [9], the computing facility of INFN,where
they are stored, reconstructed and made available for analysis. An automatic on-line Data Quality
Monitor (DQM) tool, analyzing a data sample for telescope monitoring purposes, is a crucial tool to
achieve long term performance stability, that is not an easy task for a system consisting of detectors
hosted in schools, often far away from the nearest technical support. Daily report are automatically
generated, illustrating the evolution of a set of parameters over the last 48 hours and a fast reaction
in case one station deviates from the standard behavior is guaranteed. Using the DQM and full
reconstruction outputs, it is also possible to extend such trending plots to longer periods and, as an
example, trends for a selection of relevant quantities are reported in [10] for some telescopes of the
EEE network: In particular these quantities are: the average tracks χ2, the raw acquisition rate, the
average number of hits on the three chambers for each event, the percentage of raw events where at
least one track candidate has been found, the average tracks TOF between top and bottom chambers
and the rate of events with at least one candidate track.
1effective high voltage HVe f f = HV
p0
p
T
T0
, where standard pressure and temperature are set in our case to p0 = 1000
mb and T0=298.15 K .
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6 Conclusions
The unconventional working sites of the EEE network offer a unique check of the robustness, the
ageing and the long-lasting performance of the MRPC technology. These cosmic muon telescopes
has been successfully operated in the last 14 years and around 70 billion tracks have been collected
during three data taking from 2014 to 2017. The observatory has grown up by a factor almost 8 in
terms of number of telescopes wrt. 2007 and the EEE network is currently the largest and long-
livingMRPC-based telescopes network, with 59 active sites and 14 years of data taking. The results
of the analysis on the performance of the network are fully compatible with the EEE requirements
in terms of efficiency (∼93%), time resolution (238 ps) and spatial resolution (1.5 cm and 0.9 cm
respectively for longitudinal and transverse direction). At the moment the EEE Collaboration is
focusing on further improvements of the performance in terms of duty cycle and optimization of
the working points of the telescopes.
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